The proteoglycan decorin is known to affect both the fibrillogenesis and the resulting ultrastructure of in vitro polymerized collagen gels. However, little is known about its effects on mechanical properties. In this study, 3D collagen gels were polymerized into tensile test specimens in the presence of decorin proteoglycan, decorin core protein, or dermatan sulfate (DS). Collagen fibrillogenesis, ultrastructure, and mechanical properties were then quantified using a turbidity assay, 2 forms of microscopy (SEM and confocal), and tensile testing. The presence of decorin proteoglycan or core protein decreased the rate and ultimate turbidity during fibrillogenesis and decreased the number of fibril aggregates (fibers) compared to control gels. The addition of decorin and core protein increased the linear modulus by a factor of 2 compared to controls, while the addition of DS reduced the linear modulus by a factor of 3. Adding decorin after fibrillogenesis had no effect, suggesting that decorin must be present during fibrillogenesis to increase the mechanical properties of the resulting gels. These results show that the inclusion of decorin proteoglycan during fibrillogenesis of type I collagen increases the modulus and tensile strength of resulting collagen gels. The increase in mechanical properties when polymerization occurs in the presence of the decorin proteoglycan is due to a reduction in the aggregation of fibrils into larger order structures such as fibers and fiber bundles.
Introduction
Type I collagen is the fundamental building block of connective tissues such as tendon, ligament, skin and bone. It is organized into fibrillar structures via a self-assembly process known as fibrillogenesis, which is to a large extent determined by the intrinsic properties of the collagen molecules themselves. Collagen fibril diameter, length and organization are tightly regulated during fibrillogenesis to produce tissues with different functional properties. For instance, in tendon and ligament, highly aligned collagen fibrils are necessary to facilitate force transmission (Provenzano et al., 2002) , while a lamellar organization is necessary in the cornea to maintain transparency (Hassell and Birk) . Regulators of fibrillogenesis include fibronectin, other fibrillar collagens (types V and XI), various glycoproteins, and small leucine-rich proteoglycans (SLRPs) (Birk et al., 1990; Svensson et al., 1999; Kadler et al., 2008) . The proteoglycans decorin, biglycan, fibromodulin and lumican, are SLRP family members and are believed to play a vital role in guiding the proper assembly of collagen during fibrillogenesis (Scott, 1988; Svensson et al., 1999; Silver et al., 2003; Zhang et al., 2006; Banos et al., 2008) . As evidenced by a number of knockout studies in mice, a deficiency in one or more of these proteoglycans (PGs) leads to altered tissue structure and function (Robinson et al., 2005; Zhang et al., 2006) .
Of the SLRPs relevant to fibrillogenesis, decorin is arguably one of the most important, and certainly the most well studied (Scott, 1988; Robinson et al., 2005; Zhang et al., 2006; Lujan et al., 2007) . Decorin is present in nearly all tissues (Scott, 1988; Kuc and Scott, 1997) and has been implicated in fibrillogenesis and the regulation of certain growth factors such as EGF and TGF-beta (Ruhland et al., 2007) . Structurally, decorin consists of a core protein covalently bonded to a highly electronegative dermatan sulfate glycosaminoglycan (GAG). The core protein has a high binding affinity for collagen and is thought to be either a horseshoe-or banana-shaped molecule Scott, 1996; Scott et al., 2004) . The exact 3D conformation of decorin, including whether it functions as a monomer or dimer, remains a subject of debate (Weber et al., 1996; Scott, 2003; Goldoni et al., 2004; Scott et al., 2004) . Nonetheless, decorin is almost always found in vivo to be associated with the surface of collagen fibrils . Decorin proteoglycan and core protein have also been found to bind collagen tightly in vitro, and to localize to collagen fibril surfaces (Brown and Vogel, 1989; Pins et al., 1997; Raspanti et al., 2007; Iwasaki et al., 2008) .
Developmental studies have found that increased decorin concentration in tendons of developing mice is concurrent with the lateral and linear growth of fibrils (Zhang et al.) , suggesting a role in the regulation of fibril diameter, length and organization. Knockout studies have Matrix Biology xxx (2013) xxx-xxx shown that mice with a decorin deficiency display abnormal fibril structure and organization, as well as fragile tissues with decreased strength and stiffness (Robinson et al., 2005; Zhang et al., 2006) . However, in vivo studies make isolating the effects of decorin nearly impossible due to genetic compensation. Thus, in vitro studies have been crucial in the effort to understand the role that decorin plays in the fibrillogenesis of collagen. Decorin inhibits fibrillogenesis in cell-free constructs of polymerized type I collagen (Kuc and Scott, 1997; Douglas et al., 2006) , and decorin prevents the aggregation of fibrils into fibers (Raspanti et al., 2007; Iwasaki et al., 2008) . There are conflicting reports that decorin regulates the fibril diameter of in vitro collagen constructs (Vogel and Trotter, 1987; Kuc and Scott, 1997; Brightman et al., 2000) .
When decorin was originally discovered, its recurring pattern along the surface of collagen fibrils in vivo led to a theory that decorin could bridge or "crosslink" adjacent collagen fibrils via the dermatan sulfate side chain Scott and Thomlinson, 1998) . Therefore it was hypothesized that decorin contributed to the mechanical properties of tissues such as ligament and tendon via this bridging mechanism. However, our previous research demonstrated that digestion of the DS side chain of decorin had no effect on the mechanical properties of human medial collateral ligament (Lujan et al., 2007 (Lujan et al., , 2009 . In contrast, mouse knockout studies identified decorin as a proteoglycan that influences the elastic and viscoelastic tensile behaviors in tendon (Elliott et al., 2003; Robinson et al., 2004a Robinson et al., , 2004b . It is possible that these mechanical alterations were due to compensatory or developmental abnormalities intrinsic to decorin-deficient mice, but it is also possible that the decorin core protein is important to the organization of collagen and the associated tissue mechanics. Since the decorin core protein cannot be specifically targeted for enzymatic digestion in tissue, the mechanical contributions of the core protein cannot be examined by ex-vivo mechanical testing.
Collagen fibrillogenesis can be studied in vitro because it is a spontaneous, entropy driven process. In vitro, fibrillogenesis is a two-step process composed of a nucleation phase and a growth phase. The structural integrity of the resulting collagen gel is based on the interaction of physically entangled and fused fibrils, as demonstrated by computational multiscale models of collagen gels (Barocas and Tranquillo, 1997; Chandran and Barocas, 2007; Sander et al., 2009a,b) . Although type I collagen fibrillogenesis in vitro is more simplified than the in vivo process since it does not include the same regulatory mechanisms, the fibril nucleation and growth phases are fundamentally the same as that which occurs in vivo, and thus in vitro polymerization provides a convenient model to study the effects of different molecules on fibrillogenesis (Kadler et al., 2008; Kalamajski and Oldberg, 2010) .
Although studies have examined the in vitro effects of GAGs and decorin on fibrillogenesis and the resulting collagen gel microstructure, the effects on the collagen gel mechanical properties have never been investigated. The purpose of this study was to test whether the presence of decorin during the polymerization of type I collagen gels increases the modulus and tensile strength of the resulting gels. In order to understand the mechanisms by which decorin modifies this mechanical behavior, this study also characterized how the decorin proteoglycan and its individual components (core protein and GAG) affect fibrillogenesis kinetics and the resulting fibrillar organization. This research demonstrates that decorin core protein modulates type I collagen fibrillogenesis in vitro, and results in modified force transmission and mechanical behavior of collagen gels.
Results
The inclusion of decorin proteoglycan during the polymerization of type I collagen gels affected the process of fibrillogenesis, the material properties and the fibril organization of the resultant gels. The modulus of the gels increased in a dose dependent manner that was well described by a sigmoidal curve fit ( Fig. 1, left panel) . The linear modulus was over two times larger for gels containing 50 μg/mL of decorin as compared to control gels (5.8 kPa vs. 2.4 kPa). The tensile strength also increased in a similar fashion (data not shown). The modulus did not increase appreciably from gels with a concentration of 50 μg/mL decorin to gels with a concentration of 100 μg/mL decorin. Decorin also affected the kinetics of fibrillogenesis in a dose-dependent manner, as demonstrated by the turbidity curves ( Fig. 1, right panel) . The ultimate turbidity and rate of fibrillogenesis (slope of linear region) decreased with an increasing concentration of decorin. The addition of decorin proteoglycan to the gels after polymerization did not change the material properties of the resultant gels ( Fig. 2) .
To determine the part of the decorin proteoglycan that was responsible for the effects on the mechanical properties of the polymerized gels, decorin core protein and dermatan sulfate were individually polymerized with collagen. Their effects on fibrillogenesis and gel mechanics were then tested. All gels displayed relatively linear stress-strain behavior between 10% and 40% tensile strain, with clear differences in the curves between the groups tested ( Fig. 3 , upper left). Decorin core protein significantly increased the modulus (p b 0.001) and tensile strength (p b 0.001) of the gels relative to bovine serum albumin (BSA) control, while DS significantly reduced the modulus (p b 0.001) and tensile strength (p b 0.001) of the gels relative to the control ( Fig. 3 , lower left). The modulus and tensile strength of gels polymerized in the presence of the core protein were double that of the control gels, while the modulus and tensile strength of the DS gels were reduced by 1/3 as compared to the control gels. There was no significant difference between the modulus and tensile strength of the decorin and core protein gels. The addition of DS slightly decreased the ultimate turbidity of the gels relative to BSA control, while the core protein and decorin reduced the turbidity, but only decorin PG had a significant effect (p b 0.05, Fig. 3 , lower right). The decrease in turbidity was greatest with the addition of decorin, followed by the core protein and then DS. There was a significant inverse correlation between the modulus and the ultimate turbidity ( Fig. 1 , supplemental data).
Since the strain-dependent Poisson's ratio of a fiber network is determined by the fiber network structure (Roeder et al., 2009; Tatlier and Berhan, 2009) , the Poisson's ratio of the gels was measured to determine how it was affected by as molecules changed the structure of the fibrillar network. The Poisson's ratio was a nonlinear function of strain for all gels, and it greatly exceeded the isotropic limit of 0.5 ( Fig. 3 , upper right). The maximum values of the Poisson's ratio were 2.19 ± 0.48 for the decorin gels, 2.60 ± 1.37 for the core protein gels, 1.21 ± 0.24 for the DS gels and 1.91 ± 0.27 for the control gels ( Fig. 3 , lower left). Only the DS gels had a maximum Poisson's ratio that was significantly different from the control gel (p b 0.05). The The decorin and core protein gels had a higher modulus and tensile strength than the control gels, while the control gels had a higher modulus and tensile strength than the DS gels. The DS gels had a maximum Poisson's ratio that was significantly less than the control gel. Significant differences from control are indicated with asterisks. (Lower right) The ultimate turbidity varied between groups, with decreasing turbidity seen in the DS, decorin core and decorin relative to the control. The lag times also varied, with the DS gels having the largest increase in lag time, followed by the core protein and the decorin gels. Curves represent the average for all samples. Error bars removed for clarity. DS = dermatan sulfate, CP = core protein.
strain at which the maximum Poisson's ratio was attained varied between the gel groups, but the differences were not statistically significant.
Since decorin proteoglycan and DS changed the mechanical properties of collagen gels in an opposing manner, the fibrillar organization of the resultant gels for each group was examined using SEM. Consistent with previous studies that have examined the structure of collagen gels with SEM and multiphoton microscopy (second harmonic generation) (Brightman et al., 2000; Mosser et al., 2006; Raub et al., 2007; Yang et al., 2009; Bailey et al., 2011) , three distinct collagen structures were seen, including single fibrils, fibrils grouped into fibers and fibers grouped into fiber bundles (Fig. 4) . This nomenclature, based on previous studies, delineates collagen structures at different length scales (Yang et al., 2009; Bailey et al., 2011) . Collagen fibrils, the smallest structure visible in SEM, consist of packed tropocollagen monomers. Fibers, which are formed by the lateral aggregation of fibrils, are visible in both SEM and optical microscopy studies (e.g. confocal reflection microscopy, or CRM). Fiber bundles are the largest structures observed in SEM and CRM and consist of multiple fibers that have laterally aggregated (Yang et al., 2009; Bailey et al., 2011) . Qualitative observation indicated that the decorin proteoglycan and core protein gels consisted primarily of either single fibrils or small fibers, while the control gels consisted of both single fibrils and larger fibers. The DS gels consisted primarily of fibers and fiber-bundles.
At a magnification of 15,000× there were noticeable qualitative differences between the SEM images from different groups (Fig. 5 , top row). Compared to control, the decorin and core protein gels had denser fibril networks with less grouping of fibrils into fibers. As with the results for material testing, decorin proteoglycan and core protein gels were very similar. Compared to control, the fibrils in the DS gels aggregated more frequently to form a large number of fibers, which often aggregated further into multi-fiber, bundled structures (fiber bundles). Image analysis of SEM images was used to objectively measure the diameter distributions of collagen structures. This analysis revealed that the diameter distributions of collagen structures within the SEM images varied between groups (Fig. 5 , bottom row). The computed mean diameter from the SEM images was 78 ± 11 nm for the decorin gels, 84 ± 11 nm for the core protein gels, 125 ± 26 nm for the DS gels and 113 ± 26 nm for the control gels. The mean diameter of both the decorin and core protein gels was significantly different from the control (p b 0.001), while the mean diameter of the DS gels was not different. Since SEM only examines the surface structure of dehydrated gels, CRM was also utilized to study the interior of hydrated collagen gels. 60× CRM images revealed similar qualitative observations to that of the SEM. The decorin and core protein gels had collagen structures with a smaller diameter relative to control, while the DS gels had much thicker and shorter collagen structures as compared to the control (Fig. 5 , middle row). Image analysis was used to objectively quantify the diameter of collagen structures within the CRM images. The image analysis algorithm revealed that the decorin and core protein gels had distributions with smaller diameters relative to control, while the DS gels had a distribution with larger diameters. The mean structure diameter from the confocal images was 883 ± 13 nm for the decorin gels, 888 ± 20 nm for the core protein gels, 1090 ± 43 nm for the DS gels and 965 ± 40 nm for the control gels. The mean diameter for the decorin and core protein gels was significantly less than the control (p b 0.001), while the mean diameter was significantly larger for the DS gels relative to control (p b 0.001). In addition, the area occupied by collagen structures (% coverage) was significantly greater in the decorin containing gels (p b 0.001), and significantly less in the DS-containing gels (p b 0.001).
In the absence of decorin, gels polymerized at 37°C had a stiffness that was nearly double that of the room temperature (RT) control. In the presence of decorin, gels polymerized at 37°C were nearly 4 times stiffer than the RT control and twice as stiff as the 37°C control ( Fig. 6 ). SEM imaging revealed that the control gels polymerized at 37°C had dense networks primarily consisting of single fibrils. The network topology of the decorin gels polymerized at RT and 37°C was indistinguishable from the control gels polymerized at 37°C (data not shown).
Discussion
This study demonstrated that the presence of decorin during polymerization of type I collagen significantly increased the modulus and tensile strength of the resulting gels. We hypothesize that the mechanism by which decorin increases the mechanical strength of the gels is through modification of collagen fibril organization during fibrillogenesis. This is evidenced by the significant decrease in the mean collagen structure diameter (fibril and fiber diameter) induced by the presence of decorin during polymerization. This correlation is consistent with previous observations, which found that decreased fiber diameter was associated with increased gel strength in collagen gels (Roeder et al., 2002; Raub et al., 2007) . It has been suggested that decreased fiber diameters result in a network with increased interconnectedness, thus facilitating more efficient force transfer (Roeder et al., 2009) . In thermoreversible 3D crosslinked networks with a liquid organic phase, increasing the junction density (i.e. number of fiber connections) increased the storage modulus (Shi et al., 2009) . Our measurements of the area occupied by collagen structures using CRM revealed that decorin-containing gels had a greater area than control or DS-containing gels. This is in agreement with the results of a previous study, which reported that decorin significantly increased the cross-sectional area of fibriloccupied space (Iwasaki et al., 2008) . Taken together with the results of the present study, the presence of decorin during fibrillogenesis appears to increase the mechanical properties of collagen gels by preventing the lateral aggregation of fibrils into higher order structures, which in turn may promote longer fibrils that are more interconnected, resulting in a stronger collagen gel.
Fibrils
Fiber Fiber Bundle Fig. 4 . Top -A 5000× SEM image of a 2 mg/mL control gel (polymerized at RT) demonstrates the three different collagen structures observed within the gels. These include single fibrils (left), multiple fibrils grouped into fibers (middle) and multiple fibers grouped into fiber bundles (right). Image has been inverted so that the fibrils and fibers appear black. Black scale bar = 5 μm.
Alternative mechanisms that could explain the increased mechanical strength of the decorin gels include the presence of more end-to-end fibril fusions (Cheema et al., 2007) , a change in mean fibril length (Craig et al., 1989) , or an altered mean fibril diameter (Silver et al., 2003) . Unfortunately, SEM imaging does not allow for the direct measurement of fibril length or the observation of end-to-end fibril fusions, as tracking single fibrils is not possible given the overlap that results from gel dehydration. Although serial sectioning combined with transmission electron microscopy has been used (Birk et al., 1989 (Birk et al., , 1997 Zhang et al., 2005) , tracking the length of fibrils and end-to-end fibril fusions primarily yields qualitative data. Thus, to allow the investigation of these other possible mechanisms, alternative quantitative imaging techniques will be needed to reconstruct multiple 3D image fields of fibrils.
The addition of the DS side chain of decorin during the polymerization of collagen increased the aggregation of fibrils into fibers and the aggregation of fibers into fiber bundles. This change in fiber organization ultimately led to a significant decrease in linear modulus and tensile strength of the gels. Whereas the decorin core protein increased the gel stiffness by decreasing the fiber diameter, the DS decreased the stiffness by increasing the fiber diameter. This is very interesting considering that when an equivalent amount of DS was added as part of the intact decorin proteoglycan to gels, this effect was not observed. This suggests that DS may be localized differently, or held in a different conformation when attached to decorin. However, a recent study suggests that DS localizes to the same D-period of collagen fibrils whether the core protein is present or absent (Raspanti et al., 2008) . It is also possible that there are compositional differences between DS from intestinal mucosa and tendon. We hypothesize that this is a result of decreased fiber connectivity, and thus reduced force transfer through the fiber network. This reduced connectivity and the reduced area occupied by fibrils/fibers can be easily seen in the confocal images of the DS gels (Fig. 4) .
The results of our in vitro studies do not support the hypothesis that decorin contributes directly to the material properties of connective tissues by bridging adjacent collagen fibrils and thus transferring force between fibrils. In the present study, decorin had to be present during fibrillogenesis to enhance the material properties of the gels, and when decorin was added after fibrillogenesis, it had no effect. If decorin was responsible for transferring forces between fibrillar structures in gels, the addition of decorin after polymerization would yield similar results as that added before polymerization. Also, it was found that the core protein facilitates a similar increase in mechanical The normalized collagen structure diameter distributions for the 15,000× images (left) reveal a significant difference in structure diameter for the decorin and core protein gels as compared to the control and DS gels. The collagen structure diameter distribution for the confocal images (right) reveals a significant difference for the structure diameter between the decorin, core protein and DS gels relative to the control. All distributions were normalized relative to the control. Control at 37 C Decorin at 37 C Fig. 6 . Effects of increased temperature on polymerization. Increasing temperature to 37°C did not change the observation that the addition of decorin prior to polymerization leads to increased gel strength. As evidenced by the stress-strain curves, polymerization at 37°C resulted in decorin gels with a stiffness and tensile strength that was approximately double that of the control.
strength to that of the whole decorin molecule. This again rules out the possibility of a mechanical contribution from direct interaction of the DS GAG chains, which was integral to the fibril bridging hypothesis and model. Although it is still possible that the decorin PG bridges between fibrils, based on the results of the present study and our previous studies on selective enzymatic degradation of DS in intact ligaments (Lujan et al., 2007 (Lujan et al., , 2009 , the mechanism must be independent of the GAG side chain.
The results of this study suggest a possible role for decorin in vivo, namely that its primary function during fibrillogenesis is to prevent the aggregation of fibrils. According to proposed morphogenesis models (Banos et al., 2008) , small diameter, immature fibrils fuse to form larger diameter, mature fibrils. By preventing the aggregation of fibrils, decorin would act to prevent further lateral growth of fibrils. This is consistent with the experimental observation that a decorin deficiency leads to abnormally large fibrils during development (Danielson et al., 1997; Zhang et al., 2006 Zhang et al., , 2009 .
The Poisson's ratios reported in this study provide information regarding the structure of the fiber network and load transfer within the network (Tatlier and Berhan, 2009) . Previous studies in collagen found that decreased Poisson's ratios were associated with larger fibers and less fiber connectivity (Roeder et al., 2009 ). In the present study, the DS gels had larger fibers, less area coverage in the CRM images and lower Poisson's ratios, which is consistent with this observation. The nonlinear shape of the Poisson's ratio versus strain curve (Fig. 3) is a result of increasing fiber recruitment, and the shape is similar to that predicted for random fiber networks (Ateshian et al., 2009 ). According to analytical models, maximal Poisson's ratios will occur at a critical strain during the alignment of the initially random network, and will decrease as fibers became more aligned. This is consistent with multiscale modeling studies that found progressive alignment of the collagen networks under strain (Sander et al., 2009b) . Taken together, these results indicate that the material behavior of the collagen gels is consistent with that of random fiber networks. Since the maximal Poisson's ratios were similar between the control and decorin gels, this implies that the two groups of gels had similar organization of the fiber networks. This suggests that the increased fiber diameter is the source of the lowered mechanical strength, rather than an alteration to the network organization. Although the network organization is similar, larger fibers may result in fewer network connections and a net decrease in force transmission, thus resulting in lower strength but unmodified Poisson's ratios.
This is the first study to simultaneously examine the effects of the decorin proteoglycan on fibrillogenesis, collagen gel structure and mechanical properties. Thus, direct comparison of our findings to other studies can be performed, but only on a limited basis. Only a single study has examined the effects of decorin on the tensile properties of collagen (Pins et al., 1997) . This study saw a 1.8-fold increase in the linear modulus when decorin was added. However, due to the large variability in their system, there was not a statistical significance when compared to the appropriate control. That study tested extruded collagen fibers that were dried prior to mechanical testing, which changes the material properties of collagen. In a similar study, a synthesized decorin like peptidoglycan (DS-SILY) increased the tensile strength but not the modulus of electrochemically aligned collagen threads (Kishore et al., 2011) . Since the decorin proteoglycan itself was not used, the results of this study may not accurately model in vivo behavior. Several studies have examined the effects of decorin on collagen fibrillogenesis using the turbidity assay (Vogel et al., 1984; Vogel and Trotter, 1987; Uldbjerg and Danielsen, 1988) , and most reported that decorin decreases ultimate turbidity, although some studies reported no change or an increase in turbidity. A decrease in turbidity has been directly attributed to smaller diameter collagen structures (Kaya et al., 2005) .
Previous studies have reported that decorin modifies the grouping of fibrils into fibers (Raspanti et al., 2007; Iwasaki et al., 2008) . It was suggested that decorin prevented side-to-side fibril aggregation. A structural study suggested that decorin may preferentially bind to whole fibrils, pointing to a regulatory role for decorin at the fibril level (Orgel et al., 2006) . Numerous studies have shown that the decorin core protein binds to type I collagen fibrils within the D period, possibly via two separate binding domains (Pringle and Dodd, 1990; Fleischmajer et al., 1991; Hedbom and Heinegard, 1993; Rada et al., 1993; Schonherr et al., 1995) . It is thought that the binding of the core protein may act as a "cap" in order to prevent lateral growth or fibril fusions. Interestingly, the decrease in collagen structure diameter resulting from the addition of decorin in the present study (Fig. 5) is similar to the decrease in diameter seen from increasing the temperature during polymerization (Roeder et al., 2002) . We found that the increase in mechanical strength and decrease in structure diameter was similar between decorin gels polymerized at room temperature and control gels polymerized at 37°C. The mechanism by which this occurs is still under investigation.
The ratio of the ratio of tropocollagen to decorin in this study was slightly lower than that observed in native tendon and ligament. We used a ratio of 4.9:1 (assuming a molecular weight of 300 kDa for tropocollagen and 100 kDa for decorin). In native tendon and ligament tissue, the concentration of decorin is~1% by dry weight (Kjaer, 2004) , which equates to a molar ratio of collagen to decorin of 33:1. However, in native tissue, fibril diameters are larger than in collagen gels. Since decorin localizes to the outside of the fibril, it is expected that a lower molar ratio of collagen to decorin would be needed in the case of smaller diameter fibrils.
Several parameters have been shown to affect the diameter of collagen fibrils/fibers during in vitro fibrillogenesis, including temperature, pH, collagen concentration, and the addition of various molecules (Roeder et al., 2002; Raub et al., 2007) . In addition to the effects of decorin core protein and DS GAG on collagen gel microstructure seen in the present study and reported by others (Raspanti et al., 2007; Iwasaki et al., 2008) , other glycoproteins and SLRPs such as fibromodulin are known to regulate fibrillogenesis or fibril diameter in vitro and in vivo (Hedbom and Heinegard, 1989; Svensson et al., 1999) . Type V and XI collagens both can facilitate the nucleation step of fibrillogenesis in vivo (Wenstrup et al., 2011) . Heterotypic mixtures of type V and type I collagen also lead to fibril populations with decreased diameters (Birk et al., 1990) . Based on the results of the present study, it is expected that both fibromodulin and collagens type V or XI would also increase the mechanical properties of type I collagen gels, since they decrease fibril diameter.
One of the challenges in the current study was the automated measurement of the multiscale fibril organization. Three types of collagen structures were observed: single fibrils, fibril aggregates (which were termed fibers) and fiber bundles. It is important to emphasize that the term fiber in this context is not synonymous with the use of the term in native connective tissues (e.g. tendon), as native fibers have considerably larger diameters. Attempts at manually quantifying these structures resulted in data of high variability, as distinguishing the difference between two adjacent fibrils and a fiber was subjective. In order to remove this ambiguity from the data, an automated image analysis algorithm was used to quantify the diameter of collagen structures. This algorithm used an automated thresholding scheme which combined fibrils and fibers that were adequately close into a single structure, providing a consistent method for determining the diameter distribution of collagen structures. Since the algorithm identified the general collagen structure diameter, it did not distinguish between fibrils, fibers and fiber bundles. In the SEM images, fiber bundles were often not recognized, as fibers within a bundle may not have been adequately closed to be combined by the thresholding algorithm. Therefore, the automated analysis of the SEM images was able to accurately quantify fibril and fiber structure diameters, but not fiber bundle structure diameters.
Interestingly, image analysis of the CRM images was able to quantify fiber bundle diameters. This is a result of the fact that the inter-fiber spacing in the bundles was too small to be resolved due to the diffraction limit of light. Thus, fiber bundles appeared as single structures in the CRM images, resulting in distinctly different diameter distributions between the control and DS gels, which were not seen in the SEM image analysis. It was found that the 15,000× images were most useful for resolving the fine scale differences between the decorin, core protein and control gels, while the 60× CRM images were most useful for resolving the differences between the DS and control gels. This highlights the importance of observing the fiber structure at multiple levels of magnification, as the regulation fibrillogenesis is clearly multiscale. Also noteworthy was a shift in magnitude of the fiber diameters between SEM and CRM, as previously described by Raub et al. (2007) . CRM diameters were approximately an order of magnitude larger than that of SEM. This increase in diameter has been ascribed to the hydration of fibrils observed with CRM, and the dehydrated fibrils observed using SEM.
In conclusion, the decorin proteoglycan and the decorin core protein increase the modulus and tensile strength of collagen gels when present during polymerization, and this effect appears to be due to inhibition of fibril aggregation. In addition to clarifying the fundamental role of decorin in modulating collagen fibrillogenesis, this result may provide an approach to increase (or decrease in the case of addition of DS) the material properties of collagen gels, which has relevance to the area of tissue engineering. Collagen and other types of hydrogels have been utilized as medium to deliver cells and other soluble factors to diseased or injured tissues. Inclusion of decorin within these constructs could possibly serve two functions: 1) increasing the strength of the constructs to better withstand surgical manipulation or in vivo mechanical forces and 2) the DS side chain of decorin can act as a reservoir for growth factors (Ruhland et al., 2007) exogenously added or secreted by implanted cells.
Methods

Decorin purification
Decorin was originally obtained from a commercial resource (D8428, Sigma) as cited in previous studies (Pins et al., 1997; Iwasaki et al., 2008) , but it was found to be contaminated with approximately 50% biglycan, another SLRP ( Supplement Fig. 2, lanes 1  and 2) . To ensure that the results of the experiments described were due to decorin and not biglycan, decorin was purified from bovine tendon (Danielson et al., 1997) . Purified decorin proteoglycan and the protein core following treatment with chondroitinase ABC treatment are shown in Supplemental Fig. 2 (lanes 3 and 4 respectively) . The absorbance of decorin solutions at 280 nm was used to calculate the protein concentration using an extinction coefficient of 19,285 M − 1 cm − 1 . The concentration of GAG in the decorin solution was also determined, using the dimethyl methylene blue (DMB) assay (Farndale et al., 1986) .
Gel preparation
Type I collagen gels (2 mg/mL, rat tail, BD Biosciences) were prepared for fibrillogenesis assays and mechanical gel testing. Collagen solutions were mixed on ice, with the reagents added in the following order: collagen, H 2 O, test molecules (decorin, dermatan sulfate, etc. in 1 × PBS), 10 × PBS containing phenol red, and 1 N NaOH. One mL of solution was pipetted into dog-bone shaped silicone molds (40 mL × 20 mL × 1 mL, gauge length = 20 mm), which were pressed onto glass plates (Roeder et al., 2002) . Immediately after pouring, four black microbeads (300 μm) were placed on the surface to act as markers for tracking strain during testing. Gels were polymerized at room temperature unless stated otherwise. Room temperature was chosen so that the results could be compared to those of previous studies (Roeder et al., 2002 (Roeder et al., , 2009 . 150 μL of the solution was also pipetted in duplicate into 96 well plates for monitoring fibrillogenesis. Changes in turbidity (or light scattering) at a wavelength of 405 nm were monitored over time and used to quantify the kinetics of fibrillogenesis including rate, ultimate turbidity and lag time.
Material testing
A mechanical testing system was assembled following a previous study. Briefly, it consisted of a movable linear stage, a 10 g load cell (resolution ± 0.005 g), an acrylic test chamber and two plastic clamps for gripping the sample (Supplemental Fig. 3 ). Two cameras (Allied Vision, 1360 × 1024 pixels) were placed above and to the side of the test chamber to measure the sample cross section and to track strain. Two white LED lamps were placed at an angle to illuminate the sample. Stage movement, data acquisition and video acquisition were controlled via a PC. The stage and data acquisition were controlled using Aerotech A3200 software (Aerotech Inc., Pittsburgh, PA) and the image acquisition was controlled using the DMAS 6 software (Spica Technology Corp, Kihei, Maui). The acrylic chamber was filled with room temperature PBS prior to testing.
Samples were polymerized in groups of twelve and mechanically tested the following day, with each group consisting of 3 gels from each of the four test conditions. The groups (described in more detail in Section 4.8) consisted of a gel polymerized in the presence of bovine serum albumin (BSA) as control, decorin proteoglycan, the decorin core protein and the DS GAG side chain. A total of three groups of twelve were tested, giving a sample of N = 9 for each group. Dehydration was prevented by placing the gels in a humidified chamber consisting of a Nunc Bioassay dish (245 × 245 × 25 mm) with moistened Kimwipes sealed inside. The material properties of the gels stabilized approximately 16 h following the onset of polymerization (Roeder et al., 2002) . Samples were removed from the molds, attached to the tissue clamps and secured using nylon screws. The gels were then subjected to constant strain rate testing at 10 mm/min (~0.8%/s) until failure. This strain rate was chosen so that viscoelastic effects would be minimized (Krishnan et al., 2004) . The force was recorded at 20 Hz during testing and images were acquired from the top and the side at 2 Hz. A total of 58 samples were included in the data analysis, nine for each of the four groups and 24 for the dose-response study (described in Section 4.7).
Strain analysis
Images were acquired from the top and side cameras prior to testing to measure cross sectional area. The cameras were calibrated with a plastic blank, which had identical dimensions to the test sample. The strain was computed in the three principle directions using a custom Matlab program. The program tracked the strain along the test direction from the black micro beads, while strains along the width and thickness were determined by tracking the sample edges. For each frame, the center of the image corresponding to the test area was extracted and thresholded. An automated thresholding algorithm was used based on Otsu's method ('graythresh' function in Matlab) (D'Amore et al.). The thresholded image was segmented using the 'bwtraceboundary' function in Matlab. The edges of the gel were extracted from the images of the top and side by manual segmentation, and lines were fit to the edges. The differences between the center points of the best fit lines were taken to be the width or thickness of the sample. Changes in this distance were used to compute the engineering strain in these directions. The outlines of the beads were extracted from the thresholded image of the top video camera and a circle was fit to each bead. The centroids were then tracked to measure strain in the test direction (Lujan et al., 2007) .
The cross sectional area in the reference configuration was computed from the reference width and thickness. The engineering stress was then computed for each sample by dividing the force by the reference area. Engineering stress was chosen as it is more commonly reported in the literature, thus allowing the direct comparison of stress-strain data (Roeder et al., 2002 (Roeder et al., , 2009 . The differential Poisson's ratio (Vader et al., 2009) 
The strain derivatives were found by fitting cubic splines to the strain data and then computing the derivatives of the splines relative to the sampling time. The Poisson's ratio was then computed using the
. The derivative of the engineering stress-strain curve was computed using a window of ± 10 ten points in order to reduce errors due to noise. The maximal value for this derivative was taken to be the linear modulus of the sample, which typically occurred at~20% clamp-to-clamp strain. The maximal stress attained during testing was taken to be the tensile strength. The modulus, tensile strength and maximal Poisson's ratios were compared between groups using a one way ANOVA (alpha = 0.05).
Microscopy
Immediately following mechanical testing the gels were fixed in 4% formaldehyde in PBS. Gels were prepared for scanning electron microscopy (SEM) analysis as previously described (Iwasaki et al., 2008) . Gels were sputter coated with gold using a Pelco auto sputter coater (SC-7). Gels were imaged on an environmental SEM (Quanta 600 FEG, FEI, Hillsboro, OR) at high vacuum. Images were obtained at both 5000× and 15,000× for gels from 3 independent days of polymerization. Images were acquired at a resolution of 3775 × 4096 pixels. Six images were acquired of each sample at each magnification. A total of 18 images from three different days were acquired for each group at both magnifications. The images were examined qualitatively to determine the presence and density of fibrils, fibers and fiber bundles as defined in the previous literature that has studied collagen fibrillogenesis in vitro (Brightman et al., 2000; Mosser et al., 2006; Raub et al., 2007; Yang et al., 2009; Bailey et al., 2011) (Fig. 4) .
For confocal reflection microscopy (CRM), gels were placed on a glass cover slip, kept moist with PBS and imaged using a 60× water lens at a wavelength of 488 nm. A total of 9 slices were imaged per stack using a 1 μm step size at a resolution of 2048 × 2048 pixels. Twelve samples were imaged, three from each group. All confocal microscopy was performed using an inverted Olympus FV1000. This confocal is fitted with a spectral version scan unit which allows for any emission wavelength or range to be studied. Images were captured between 488 and 489 nm.
Image analysis
An automated image analysis algorithm was used to extract the diameter of collagen structures within the gels (Pourdeyhimi et al., 1996; Pourdeyhimi and Dent, 1999; Stein et al., 2008; D'Amore et al.) . The images were conditioned using a 3 × 3 median filter, a Gaussian smoothing filter (window = 6 pixels, standard deviation = 2 pixels) and histogram equalization (for SEM images only) to remove noise, increase contrast and smoothed the image (D'Amore et al.). Images were then thresholded using Otsu's method (D'Amore et al.). A skeletonization was performed on the binary image (bwmorph('skel') function in Matlab), followed by spur removal (bwmorph('spur') function in Matlab). The branch points of the skeleton were determined (bwmorph('branchoints') function in Matlab) and used as nucleation points for a direct tracking algorithm (Stein et al., 2008) . The length of each collagen structure was determined as a line integral along the fiber. The width of each structure was determined by overlaying the skeleton on the distance transform of the black and white image (Pourdeyhimi and Dent, 1999) . The area of each structure was determined by multiplying the average fiber width by the fiber length. This algorithm identified the diameter of structures in the thresholded image.
Dose-response study
Collagen gels were prepared with concentrations of 0, 1, 10, 25, 50 and 100 μg/mL of decorin (243, 24.3, 9.7, 4.9 , and 2.4: 1 molar ratios of tropocollagen to decorin, respectively). A set of twelve gels were tested, with two samples for each concentration. Both the turbidity assay and mechanical testing were performed. Based on the results of this study, a concentration of 50 μg/mL was used for investigations described below unless stated otherwise. The small sample size for the dose-response study was due to the large amount of decorin required and the difficulty associated with the isolation of decorin. Because the sample size was inadequate for statistical comparison, the dose-response study was used for guiding the choice of decorin concentration only.
Decorin component study
To determine the part of the decorin proteoglycan that was responsible for altering collagen gel mechanics, collagen gels were prepared with 50 μg/mL decorin proteoglycan, decorin core protein, DS, or BSA as a control. Given the variability of the glycosaminoglycan side chain molecular weight, the concentration of decorin proteoglycan (50 μg/mL) is based on the protein core only. The absorption of decorin at 280 nm was used to determine its concentration, which does not include the mass contribution of the glycosaminoglycan. The molecular weights for decorin core protein, bovine serum albumin, and DS are 36,467 Da, 66,463 Da, and 30,000 Da respectively. Therefore the concentrations used in these experiments for decorin proteoglycan, decorin core protein, BSA, and DS equates to 1.37 μM, 1.37 μM, 0.75 μM, and 1.67 μM respectively. Decorin core protein was obtained by treating 350 μL of decorin (0.6 mg/mL) with 0.02 units of chondoitinase ABC (Sigma) at 37°C overnight. Dermatan sulfate purified from porcine intestinal mucosa was obtained from EMD chemicals. The turbidity assay, material testing, and microscopy were performed as described in the previous method sections.
Effects of temperature
To determine if decorin had the same effect at higher polymerization temperatures, gels were polymerized with and without decorin at 37°C. A total of three gels were polymerized for the control and decorin gels at 37°C. After the completion of polymerization, gels were subjected to the material test protocol described in Sections 4.2-4.6.
Post-polymerization addition of decorin
To test whether decorin must be present during polymerization in order to affect the material properties of collagen gels, three groups of gels were tested: control gels (without decorin), gels with 70 μg/mL decorin added prior to polymerization and gels with decorin added 1 h after the initiation of polymerization. All gels were poured into the molds at room temperature (RT) and allowed to polymerize for 1 h, at which point 125 μL of PBS was applied to the surface (test area) of the control and decorin containing gels. The third set of gels had 125 μL of decorin containing PBS (87.5 μg total decorin) applied to the test area surface. Gels were then incubated at 37°C to facilitate diffusion of the decorin into the gels. To verify that decorin had penetrated into the test area of the gels, an extra set of gels not used for testing was stained with dimethyl methyl blue, which changes color from blue to pink as it binds to glycosaminoglycans (Kiraly et al., 1996) . Prior to staining, the gels were each washed in 50 mL of PBS. A total of 6 gels were subjected to material testing for each group.
